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Abstract 
 
 A 1-D coda method was proposed by Mayeda et al. (2003) in order to obtain 
stable seismic source moment -rate spectra using narro wband coda envelope  
measurements. That study took advantage of the averaging nature of coda waves to 
derive stable amplitude measurements taking into account all propagation, site, and S-
to-coda transfer function effects. Recently this methodology was appl ied to micro  
earthquake data sets from three sub -regions of northern Italy (i.e., western Alps, 
northern Apennines and eastern Alps). Since the study regions were small, ranging 
between local-to-near-regional distances, the simple 1 -D path assumptions used  in the 
coda method worked very well.  The lateral complexity of this region would suggest, 
however, that a 2 -D path correction might provide even better results if the datasets 
were combined, especially when paths traverse larger distances and complicated  
regions. The structural heterogeneity of northern Italy makes the region ideal to test the 
extent to which coda variance can be reduced further by using a 2 -D Q tomography 
technique.  The approach we use has been developed by Phillips et al. (2005) and is an 
extension of previous amplitude ratio techniques to remove source effects from the 
inversion. The method requires some assumptions such as isotropic source radiation 
which is generally true for coda waves.  Our results are compared against direct S-
wave inversions for 1/ Q and results from both share very similar attenuation features 
that coincide with known geologic structures. We compare our results with those 
derived from direct waves as well as some recent results from northern California 
obtained by Mayeda et al. (2005) which tested the same tomographic methodology 
applied in this study to invert for 1/ Q.  We find that 2 -D coda path corrections for this 
region significantly improve upon the 1 -D corrections, in contrast to California where 
only a marginal improvement was observed.  We attribute this difference to stronger 
lateral variations in Q for northern Italy relative to California.  
 
Introduction 
 
 The goal of seismic monitoring, whether at local or regional distances, is to 
locate events and deri ve their source parameters accurately. At regional distances the 
problem is compounded because of very sparse station distribution with paths that 
often traverse complicated structures.  The 1-D coda methodology introduced by  
Mayeda et al. (2003) for event s along the Dead Sea fault demonstrate that coda waves 
allow for more stable results than using direct waves. Subsequent successful  
applications have been documented in California, Turkey, and Italy.  In spite of lateral 
complexity, coda waves average over  path and source variability.  In Italy this 
approach was successfully applied to the western Alps (Morasca et al., 2005a), eastern 



Alps (Malagnini et al., 2004), and northern Apennines ( Morasca et al., 2005b) where 
the simple 1 -D radially symmetric path a ssumptions were sufficient to describe the 
regional scale complexity.  However, the extension of this methodology to a larger and 
more laterally complex area including all three previously mentioned regions could 
require 2-D path corrections.  For example,  Mayeda et al. (2005) used northern  
California broadband data and found that though 2 -D corrections improved over 1 -D, 
the change was surprisingly small and 1-D corrections performed very well. The 
application of a tomographic approach to study the attenua tion in Northern Italy will 
allows us to better understand the influence of the different structures on the average 
attenuation observed in the region. In fact, the presence of anomalies, such as the Ivrea 
body, is well known in this region ( Kissling  1993; Di Stefano et al.  1999).  It is also 
crucial to  understand the  detailed propagation effects for future accurate seismic  
hazard prediction.  
 Another purpose of this study is to improve the quality of the source spectra 
derived analyzing both coda and dire ct waves corrected using the 2-D attenuation 
models. This will allow for more accurate estimation of source parameters such as 
seismic moment (M0) and radiated energy ( E R). Reliable estimates of such parameters 
make it possible to analyze the scaled energy  (? =ER/M0) to understand the dynamics of 
the earthquake rupture process over a broad range of event sizes. In fact, the way 
earthquake radiated energy scales with event size is still debated in the scientific 
community (e.g., Mayeda and Walter, 1996, Mayeda et al., 2007, Morasca et al. 
2005a, Ide and Beroza , 2001; Izutani and Kanamori, 2001) because of the difficulties 
in energy estimation due to the strong influence of the attenuation and propagation 
effects, especially for small events (Ide and Beroza, 2001; Izutani and Kanamori, 
2001).  
 To study the 2-D attenuation effects some authors (e.g., Campillo et al., 1993; 
Phillips et al., 2001) have estimated the attenuation by analyzing different phase 
amplitude ratios in order to remove source effects.  Ther e are also techniques that 
allow for the elimination of both source and site effects using two -station spectral 
ratios (e.g., Chun et al.,  1987; Fan and Lay, 2002; Fan and Lay, 2003; Shih et al., 
1994), with the limit that a collinear alignment of event an d receiver pairs is required.  
 Another amplitude ratio tomography method has been developed by Phillips et 
al. (2005), which provides for high resolution Q images with the advantage of reducing 
the number of terms in the inversion.  By assuming that the d istance-dependence for 
coda envelope and direct amplitudes can be described using the same form (i.e., Q and 
geometrical spreading),  Mayeda et al.  (2005) successfully tested this method using 
early coda measured in  northern California. Several studies (Wagner, 1997;1998) 
showed that the early coda has very similar back-azimuths to the direct arrival and it is 
only the late coda which seems to be truly random. This means that a tomographic 
approach is appropriate when using early coda.  
 For this study we apply the same amplitude ratio tomography method to obtain 
2-D attenuation corrections in northern Italy for both direct and early coda waves.  We 
then compare the performance with the 1 -D approach using the same data set.  We 
expect that the 2-D attenuation corrections will improve the stability of the final 
corrected source spectra, taking into account the complexity of the region.  In fact, 
northern Italy is characterized by different geological structures such as the  
sedimentary basin of the Po valley whic h is bounded by the northern Apennines to the 
south and by the Alpine chain to the north (figure1).  As suggested by many authors 
(e.g., Castro et al., 1999; Mele et al., 1997; Carletti and Gasperini, 2003) the Po valley 
is generally characterized by effic ient S -wave propagation with respect to the western 



Alps and the northern Apennines.  In contrast, high attenuation is observed in the 
northern Apennines due to the presence of high heat flow ( Ponziani et al., 1995). 
 
 
Data 
 
 We used more than 400 earthqua kes with magnitude larger than ML ∼ 3.0 that  
were mainly recorded by 19 three -component stations of the RSNI network (Regional 
Seismic network of Northwestern Italy, Genova).  In addition, we supplemented this 
dataset to gain better path coverage by using  waveforms from the RéNaSS ( The French 
National Network of Seismic Survey, Strasbourg) , 4 from OGS network (Istituto 
Nazionale di Oceanografia e di Geofisica Sperimentale, Trieste, Italy)  and 2 from 
GRSN network (Germany).  Figure 2 shows a map of stations  and events used in this 
study.  For specific details of the data, we refer the reader to previous local coda 
studies in this region (e.g., Morasca et al., 2005a; Malagnini et al., 2004; Morasca et 
al., 2005b).  In general, inversions for both wave types used essentially the same 
number of data, however, in some cases direct S -waves were clipped and discarded, 
whereas the coda was perfectly useable.  In other cases, the coda’s signal -to-noise ratio 
was too low but the direct S -wave was useable. 
 
 
 
Method 
 
Amplitude measurements 
 
 For each of the following 10 frequency bands: 0.3 -0.5, 0.5-0.7, 0.7-1.0, 1.0-1.5, 
1.5-2.0, 2.0-3.0, 3.0-4.0, 4.0-6.0, 8.0 -10.0, 10.0-15.0-Hz, we measure direct S -waves 
and early coda envelope amplitudes for our data set. In general,  coda window lengths 
were limited to roughly 60 seconds from the direct S -wave for frequencies 1.0-Hz and 
larger and roughly 100 seconds for frequencies below 1-Hz.  Coda envelopes are 
formed from each horizontal component and then averaged for additional stability. The 
smoothed version of each coda envelope is empirically described following  Mayeda et 
al. (2003) that used a simple functional form:  
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where Wo(fi) is the S -wave source amplitude, S(fi) is the site response, T(fi) is the S -to-
coda transfer function resulting from scattering conversion, P(r , fi) includes the effects 
of geometrical spreading and attenuation (both scattering and absorption), H is the 
Heaviside step function, v(r,f i) is the peak velocity of the S-wave arrival, γ(r,fi) and 
b(r,fi) control the shape of the early coda immediately following the S waves and t is 
the time in seconds from the origin time. The early coda amplitude measurements (Ac) 
are obtained by fitting the observed envelopes.  The raw a mplitudes are then path 
corrected using 1-D and 2-D attenuation formulations described below.  We refer the 
reader to Mayeda et al. (2005) for specific details of the method.  
 



1-D Path corrections 
 
 The coda path correction outlined in Mayeda et al. (2003) is empirically based 
and was meant to mimic observed local and near regional coda observations.   The 
main observations are that local coda are homogeneously distributed in space and time, 
in sharp contrast to direct S-waves which decay with increasing di stance (e.g., see 
Figure 1 of Mayeda et al., 2005).  However, we are finding that at local distances, the 
coda shape parameter in Equation 1 is strongly distance dependent, perhaps a result 
from transitioning from local  S-wave coda to regional  Lg-coda. Figure 3 shows  
example synthetic envelopes for a unit source at a range of distances.  Though the 
direct arrivals are the same level, the coda amplitudes clearly change with distance and 
results in a trade -off between the coda envelope shape parameter,  b(r,f) and the 
attenuation parameter, P(r,f).  Therefore, if the same source were measured at a range 
of distances, we would not get the same coda amplitude, a result from an artefact of the 
calibration process.   To remedy this calibration bias at short distance s, we needed  
another free parameter to correct our synthetic envelopes to better match observations.   
A functional form that could empirically correct for this bias stems from the local and 
regional geometrical spreading formulation of Street et al. (1975 ). Our new 1-D 
geometrical spreading function is coined the name, Extended  Street & Herrmann, or 
ESH.  Instead of one critical distance, where the spreading value is changed, we use a 
distance range where the transition changes smoothly.  We note again tha t this is not 
physical, but merely a necessity due to the calibration process. The new spreading 
function is the product of individual transition terms as described below for three 
separate distance ranges of x : 
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where X1 =X0/F and X2 = X0*F where X0 is the critical distance and F is the transition 
factor (= 1). )(xα∆  is the interpolated increase in spreading relative to  α1.  We 
compared performance between the original Mayeda et al. (2003) path formulation 
and the modified version above and f ound up to 30% improvement in data standard 
deviations, especially at higher frequencies. 
 Next, assuming that the distance -dependence has the same form (i.e., Q and 
geometrical spreading) for both coda and direct amplitudes ( Mayeda et al., 2005), we 
correct for the geometrical spreading and estimate the Q  effect. 
 A similar approach is used for the direct waves to obtain the best S -wave 
quality factor (QS) that minimizes the scatter between all station pairs (see Mayeda et 
al. 2003).  Following Yang’s (200 2) synthetic results, we assume a 1/ r geometrical 
spreading, and used the following relation:  
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where A0 is the source, S  is the site effect, β is shear -wave velocity.  We tested more 
complicated geometrical spreading  functions from previous ground -motion scaling 
studies from the same regions (e.g., Morasca et al., 2006; Malagnini et al., 2002) and 
found that there was no difference in our final results since the choice of Q  trades -off 
with the spreading function.  
 
2-D Path corrections 
 
 The attenuation tomography technique ( Phillips et al., 2005) is based on  
amplitude ratios taken between stations that recorded the same event.  This eliminates 
the source term from the inversion but one must assume an isotropic source r adiation.  
Coda amplitudes derived using Mayeda et al. (2003) coda calibration procedure, and 
direct waves measurements are independently used as input to the inversion.  Using 
short coda, we can describe path effects in the same way of the direct waves ra ther 
than an ellipsoidal area so that a tomography approach is appropriate.  
Again, we use the 1 -D ESH path corrections on the coda amplitudes, then invert for 
the spatially varying Q. 
 
The following amplitude ratio formulation was applied:  
 
Aij - < Aij >j = S i - < S j >j + (Pk dxijk α k - < Pk dxijk αk >j) log10(e)                         (4)  
 
Where A is log10 spreading corrected amplitude, i, j, k indices are site, source and path 
discretization respectively, S is the log 10 site terms, and  dx are the path lengths 
through a discretized  region of the Earth, α is the discretized attenuation coefficient 
(αk=ω/2Qkc), and Pk are the raypath sums. The ratio is taken between the single value 
and the average for the same event j, consequently the source ratio is zero.  We obtain 
a linear system  of equations and solve using sparse matrix methods.  Smoothing 
constraints are applied to the attenuation model to avoid artefacts due to noise, and the 
site terms sum is assumed to be zero. We obtained a tomography image for each 
frequency band in a rang e between 0.3 and 15 -Hz for coda and direct waves  
separately. 
 
At this point we have four different cases that need to be analyzed: 
 

i) direct waves amplitudes path corrected using 1 -D attenuation parameters;  
ii) coda waves amplitudes path corrected using 1 -D attenuation parameters; 
iii) direct waves amplitudes path corrected using 2 -D attenuation parameters;  
iv) coda waves amplitudes path corrected using 2 -D attenuation parameters.  

 
For each of these four sets of path -corrected amplitudes, source spectra are computed 
following the approach used by Mayeda et al. (2003). 
 
 
Attenuation tomography results 
 
 For each frequency band in the range of 0.3 – 15-Hz we imaged quality factor 
variations with respect to an average computed over the region. Figure 4 shows Q 
tomography results for all the frequency bands for the direct waves while figure 5 
displays the results obtained for the coda waves analysis. In all cases we used pixel 



dimensions of 0.1 degrees.  Results are presented as difference in % from the average 
Q (green) for each frequency. The average Q (< Q>) value is reported in the bottom of 
each plot and increases with increasing frequency for both wave types.  
 We observe that both wave types exhibit low attenuation in the southern part 
of the western Alps that coincide s with the area characterized by the massifs. This 
anomaly is observable starting from 0.7 -1.0 Hz for the direct waves and from 1.5 -2.0 
Hz for coda waves.  Eva et al. (1991) obtained similar results  in their study analyzing 
coda Q variations focusing on th is restricted area.  In addition, a large low Q area to 
the north is observed for both direct and coda analysis. In this case, the anomaly is 
observable at all frequencies, but with slightly different lateral extent. Except for very 
low and high frequencie s, the anomalous area seems to narrow around the Ivrea body, 
known as a shallow slice of mantle ( Kissling 1993; Di Stefano et al. 1999).  The 
presence of this body seems to have important effects such as the production of a 
positive Bouguer anomaly ( Vernant et al. 2002).  Moreover, in the same zone an 
extinction of Lg waves was observed by Campillo et al. (1993) over a wide frequency 
range. Their results confirm our findings since the authors explain this attenuation 
effect as a result of strong lateral het erogeneity of  the surface geology which is 
characterized by interwoven mantle and crustal rocks. They interpret the wide range 
of frequency in which the extinction is observable as due to variable scale -length 
heterogeneities within the area. 
 Figures 4 an d 5 also show a high Q  zone in correspondence with the Po plain, 
extending to the very northern part of the Apennines, close to Parma (see figure 1).  As 
for the high Q zone of the northernmost part of the Apennines, an interpretation is not 
simple given th e complex geological setting and geometric crustal relationships.  In 
fact, the northern Apennines’ front is buried under the Po plain sediments and the Po 
plain is the foreland basin of both the Alps and Apennines ( Doglioni, 1993 ).  This 
complexity might be the origin of strong lateral heterogeneity in the crust where we 
observe a high attenuation anomaly related to this buried front.  It is clear that the 
anomaly we observe in this area is not a result of artefacts correlated to the adopted 
methodology or  to the data and station distribution since other studies show an  
anomalous propagation of waves within this region. In fact, Ciaccio and Chiarabba 
(2002) observed a shallow, high velocity anomaly in the same area and interpreted 
that as an effect of heter ogeneity due to uplifted Mesozoic carbonaceous rocks. 
Moreover, a recent study of Margheriti et al. (2006) highlight a seismic anisotropy in 
this area finding a shear wave splitting effect that the authors relate to the presence of 
fluid-saturated micro-cracks aligned or opened by the prevailing stress field.  
 Tests with synthetic data have been conducted to reveal inherent limitations in 
resolution and possible artifacts due to event -station geometry and chosen  
parameterization.   For each frequency band  we performed checkerboard tests to  
verify what could and could not be resolved. In all cases the results look very similar 
each other except at the lowest bands for which we needed to use a larger grid size. 
Figure 6 shows example results for a representative range of  frequency bands. The 
low and high attenuation input cell values vary as a function of frequency, in  
accordance to what we observe in the real data.  We recognize however that high Q 
regions will not be well resolved due to smoothing of adjacen t low Q regions.  The 
accurate recovery of high Q is known to be an issue because of smoothing constraints 
on 1/ Q , but our derived model still fits the data well, and path corrections can be 
predicted from the model equally well.  Therefore, this does not affect our overall 
interstation amplitude performance. In other words our low Q results are very close to 
the input value but the high Q pixels in our checkerboard are roughly a factor of 2 to 3 



lower than actual. This is a very common phenomenon that happ ens due spatial 
smoothing, thus making it difficult to resolve high Q regions (Xie , 2005). 
 
 
Performance comparison 
 
 For both direct and coda waves we corrected the raw amplitudes using the 1 -D 
and 2-D frequency-dependent attenuation parameters.  Then for  the same events we 
compared distance -corrected amplitude scatter for the same station pairs to evaluate 
the relative performance of each method.  Figure 7 shows, for each method, the 
average standard deviation among 37 station pairs for each frequency ban d. 
 As expected, using a 2 -D path correction results in lower standard deviations 
with respect to using 1 -D path corrections for both direct and coda waves.  However, 
when we compare 2 -D direct wave standard deviation with 1 -D coda waves results, 
we observe that even if we use a simple 1 -D model, coda measurements are more 
stable.  The best performance is obtained for 2 -D path-corrected coda amplitudes.  We 
note that in general, our results are very similar to those from northern California 
(Mayeda et al., 2005).  However, we find that there is a larger improvement between 
1-D coda and 2-D coda for our current study region.  We hypothesize that this is due 
to stronger lateral variations in  Q relative to northern California.  From a seismic 
monitoring standpo int, this is important because it shows that some regions can  
benefit significantly from 2-D coda path calibrations.  
 
Source Spectra 
 
 For all four cases the path -corrected amplitudes are used to compute source 
spectra. Further frequency-dependent site and S -to-coda transfer function corrections  
were derived using the procedure outlined by Mayeda et al. (2003) .  Likewise for the 
direct wave amplitudes, we applied similar corrections to remove site effects and 
derive absolute source spectra.  An example of t he November 24 th, 2002, MW 5.1 
event is plotted in figure 8, where grey and black curves are the station and average 
source spectra, respectively.  The scatter observed for the different cases reflects the 
results presented in figure 7.  As expected, sourc e spectra derived from coda  
measurements are much less scattered than those computed from the direct waves, and 
the most stable results are obtained for coda measurements when we use the 2-D 
attenuation corrections. 
 
Discussion and Conclusions 
 
 For the same data set and stations we estimated the attenuation effects for both 
coda and direct S waves using a new 2-D tomography approach (Phillips at al., 2005) 
as well as performed a comparison with the 1 -D method outlined by Mayeda et al. 
(2003).  For the coda  wave analysis we focused on the early coda since, as many 
studies demonstrated (e.g.,  Wagner, 1997 1998) the late coda consists of multiple 
scattered energy that samples a larger volume of the propagation medium, more so 
than the early coda and the direct  waves. This means that the early coda path effects 
could be roughly approximated to the direct waves and used in a traditional direct -
wave tomographic approach. 
 Attenuation tomography revealed lateral complexity for northern Italy which 
comprises the Alps-Apennines junction zone and the foredeep basin (Po plain) of both 



chains. Our results consistently show the same trend for different frequency bands and 
for both coda and direct waves, though lateral coda attenuation is smoother, especially 
for high and low frequencies. This effect is expected because of the averaging nature 
of coda waves and is consistent with observations  by  Mayeda et al.  (2005) for 
northern California.  
 A low attenuation area is observed in the southern part of the Western Alps, in 
agreement with results by Eva et al. (1991) who focused their coda Q study in this 
small zone of western Alps characterized by the presence of crystalline massifs. To 
the north of this zone, in the western Alps, a large low Q  anomaly is observed in 
correspondence with the Ivrea body, in good agreement with an  Lg extinction  
observed in the same area by Campillo et al. (1993).  Campillo et al. (1993) suggest 
that the blockage of Lg across the western Alps as being due to the effect of low Q 
from the presence of  strong heterogeneity of the crust. The large range of frequency in 
which the anomaly is observed indicates a variable scale -length of the heterogeneity. 
Our results also show high Q under the Po Plain, the largest alluvial basin of Northern 
Italy. This re gion has a complex geological and structural setting since the thrust 
fronts of the northern Apennine are buried by variable thickness, Quaternary alluvium 
(Pieri and Groppi, 1998) that might cause the anomalous propagation. The behaviour 
within this regio n is confirmed by other studies indicating the presence of velocity 
(Ciaccio and Chiarabba, 2002) and seismic (Margeriti et al. 2006) anomalies. 
 The attenuation results obtained from the tomography have been used to  
derive source spectra. We compared dire ct and coda waves using 1-D and 2-D 
attenuation corrections, and demonstrated that the 2 -D method provides more stable 
results than the 1 -D approach for the same phase.  However, when we compare direct 
and coda waves, we notice that the simple 1-D attenuation corrections applied to coda 
measurements are significantly better than direct  S -waves corrected for 2-D 
attenuation.  The same conclusion was reached by Mayeda et al. (2005) for northern 
California.  Since the study area is relatively small and limited  in data, we plan to add 
more events and stations from other networks to enlarge the study area to better 
understand the relationship between attenuation and geological structures for the 
broader region. 
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Figures captions  
 
Figure 1  – Simplified tectonic map of Northern Italy derived by Carminati et al. 
(2004). 1) foreland areas; 2) foredeep deposits; 3) domains characterised by a  
compressional tectonic regime in the Apennines; 4) thrust belt units accreted during 
the Alpine orogenesis in the Alps and in Corsica; 5) areas affected by extensional 
tectonics; 6) outcrops of crystalline basement; 7) regions characterised by oceanic 
crust; 8) Apennines water divide; 9) thrusts; 10) faults.  
 
Figure 2. Data and stations used in this study. Triangles indicate RSNI stations,  
squares OGS stations, circles GRSN stations and the diamond indicates the RéNaSS 
station. 
 
Figure 3.  Synthetic coda envelopes for the same unit source at 50 km intervals.  
Notice that the direct arrivals are the same level, but the coda envelope levels change 
with distance due to b (r,f) in Equation 1 changing rapidly in the first ~100 km.  This 
bias in envelope amplitude level, however, is accounted for in our new path correction 
formulation. 
 
Figure 4 - The 2-D inversion results for direct waves for all analyzed frequency bands. 
The value of < Q> at the bottom of each image is the average quality factor for the 
resolved area (the colored portion of each map) for each frequency. The col or scale 



indicates the variation in percentage with respect to < Q>. White triangles represent 
the stations while black circles are the events used for each inversion.  
 
Figure 5 - Q tomography results for coda waves at all frequency bands.  Each image 
shows the variation of Q in percentage with respect to the average value reported at 
the bottom of each image (< Q>). The colored portion of each map  delineated the 
region where we have good resolution.  White triangles represent the stations while 
black circles are the events used for each inversion.  
 
 
Figure 6 - Result of checkerboard test s for the frequency band s 0.3-0.5 Hz where we 
have used a cell size of 1.0 X 1.0 degrees ; 1.5-2.0 Hz and 10. 0-15.0 Hz using cells of 
0.50 X 0.50 degrees . The input model is sho wn in the top corner of each image as a 
reference. The low and high attenuation input values vary as a function of frequency, 
in accordance to what we observe in the real data. The polygon delineates the region 
where we have a good resolution generally for  all frequency bands.  
 
 
Figure 7  –Averaged inter -station standard deviation using 37 station pairs as a  
function of frequency. The 1 -D and 2-D methodologies applied to direct and coda 
waves have been compared and the results show that the tomographic metho d (2-D) 
applied on coda waves gives the best results with the lowest standard deviations.  
 
Figure 8 – Example of moment -rate spectra obtained for the 2002, November 24 th, 
MW=5.1 event. Gray curves are the individual station spectra while black curves 
represent the averages. Stations are situated at a variety of azimuths and distances. As 
expected, direct waves results are more scattered then coda waves for both 1-D and 2-
D methods, consistent with the finding shown in Figure 7.  
 
 
 
 
 



 
 
Figure 1 – Simplified tectonic map of Northern Italy derived by Carminati et al. (2004). 1) foreland areas; 
2) foredeep deposits; 3) domains characterised by a compressional tectonic regime in the Apennines; 4) 
thrust belt units accreted during the Alpine orogenesis in the Alps and in Corsica; 5) areas affected by 
extensional tectonics; 6) outcrops of crystalline basement; 7) regions characterised by oceanic crust; 8) 
Apennines water divide; 9) thrusts; 10) faults. 
 
 

 
 
Figure 2. Data and stations used in this study. Triangles indicate RSNI stations, squares OGS stations, 
circles GRSN stations and the rhombus indicates the RéNaSS station. 
 



 
 
Figure 3.  Synthetic coda envelopes for the same unit source at 50 km intervals.  Notice that the direct 
arrivals are the same level, but the coda envelope levels change with distance due to b(r,f) in Equation 1 
changing rapidly in the first ~100 km.   
 
 



 
 
Figure 4 - The 2-D inversion results for direct waves for all analyzed frequency bands. The value of <Q> 
at the bottom of each image is the average quality factor for the resolved area (the colored portion of each 
map) at the considered frequency. The color scale indicates the variation in percentage with respect to 
<Q>. White triangles represent the stations while black circles are the events used for each inversion. 



 

 
 
Figure 5 - Q tomography results for coda waves at all frequency bands.  Each image shows the variation 
of Q in percentage with respect to the average value reported at the bottom of each image (<Q>). The 



colored portion of each map delineated the region where we have good resolution. White triangles 
represent the stations while black circles are the events used for each inversion. 
 
 

 
 

Figure 6 - Result of checkerboard tests for the frequency bands 0.3-0.5 Hz, adopting cell size of 1.0 X 1.0 
degrees; 1.5-2.0 Hz and 10.0-15.0 Hz using cells of 0.50 degree by 0.50 degree. The input model is 
reported in the top corner of each image. The low and high attenuation input values vary as a function of 
frequency, in accordance to what we observe in the real data. The polygonal delineates the region where 
we have a good resolution. 
 
 



 
 
Figure 7 –Averaged inter-station standard deviation using 37 station pairs as a function of frequency. The 
1-D and 2-D methodologies applied to direct and coda waves have been compared and the results show 
that the tomographic method (2-D) applied on coda waves gives the best results with the lowest standard 
deviations.  
 
 

 
 

Figure 8 – Example of moment rate spectra obtained for the 2002, November 24th, MW=5.1 event. Gray 
curves  are the individual station spectra while black curves represent the averages. Stations are situated at 
a variety of azimuths and distances. The direct waves results are more scattered then coda waves for both 
1-D and 2-D methods. This result is also observable in figure 7. 

 
 


